Owing to their hypotoxicity, great spatial resolution and tomographic properties, Fe 3 O 4 nanoparticles (NPs) are becoming one of the most promising materials for noninvasive biological imaging and shape-dependent therapeutic agents for malignant tumor therapy. Conventional spherical NPs are unable to effectively destroy cellular structure in therapy and thus result in tumors with a high risk of drug resistance. Herein we developed a novel flower-like targeting Fe 3 O 4 @Au-HPG-Glc nanoprobe (thiol-containing hyperbranched polyglycerol (HPG); 4-aminophenyl β-D-glucopyranoside (Glc)) that can enhance magnetic resonance imaging (MRI) for cancer therapy. With the guidance of a targeting molecule, Fe 3 O 4 @Au-HPG-Glc nanoprobes can precisely target tumor cells. Under an alternating magnetic field (AMF), the flower-like Fe 3 O 4 @Au-HPG-Glc nanoprobes can rotate along the central axis of the core to substantially destroy tumor cells by damaging the nucleus or cell membrane. Our results showed that this shape-dependent therapeutic agent-based strategy had remarkable efficacy for MRI-guided tumor therapy. Furthermore, the inhibition of tumor growth in tumor-bearing mice was up to approximately 47.3% on the twelfth day of treatment compared with the level of inhibition in a blank group. Different from other reported methods for cancer therapy, our proposed AMF-dependent targeted cancer therapy is a novel strategy that can potentially reduce drug resistance in gastric tumors.
INTRODUCTION
With the development of advanced nanotechnology, the rational integration of multifunctional nanoplatforms for early diagnoses and cancer therapies are of great interest. 1, 2 Among the imaging techniques, magnetic resonance imaging (MRI) is considered one of the most promising noninvasive clinical tools due to significant merits, such as excellent spatial resolution and sensitivity, and especially for providing excellent three-dimensional and tomographic contrast information of soft tissue. 3, 4 The inherent characteristics of pure Fe 3 O 4 nanoparticles (NPs; for example, poor colloidal stability and low targeted retention at the tumor site) have hindered their wide application in nanomedicine. Hence, surface modifications (for example, organic or inorganic coating) of pure Fe 3 O 4 NPs have attracted extensive attention. 5, 6 Fe 3 O 4 NPs with modified surface layers have been used as carriers to deliver anticarcinogens. 7 Despite great efforts to explore anticancer adjuvants, the issue of drug resistance in cancer therapy remains a challenging problem. Herein we developed an oriented growth method for the controllable synthesis of flower-like Fe 3 O 4 @Au NPs. Owing to the axial dissymmetry of the flower-like Fe 3 O 4 @Au NPs, this nanoplatform freely rotates under an alternating magnetic field (AMF), which can efficiently destroy tumor cells. The unique properties of flower-like Fe 3 O 4 @Au NPs were superior to that of traditional spherical Fe 3 O 4 magnetic NPs with symmetric structures. 8 The special structural property of flower-like Fe 3 O 4 NPs allowed for the development of a high-efficiency MRI-guided therapy.
To improve the colloidal stability of Fe 3 O 4 @Au NPs, thiolcontaining hyperbranched polyglycerol (HPG) with rich branches were bonded onto the surface of Fe 3 O 4 @Au NPs. The functional groups on the surfaces of the dendrimers enable the coupling of targeting ligands and fluorescent probes to be used as drug carriers for the diagnosis and therapeutic treatment of cancer. [9] [10] [11] Furthermore, these functional groups also act as excellent stabilizers or templates in the preparation of versatile nanoplatforms for biological imaging applications. [12] [13] [14] Modified NPs using HPG dendrimers have been shown to reduce the in vivo adsorption of plasma proteins on the polymer surfaces of NPs with diameters o100 nm. 15 Recently, efforts have focused on the application of biological targeting molecules (for example, antibodies, carbohydrates and peptides) to modify the surface of nanoplatforms in biological systems. 16, 17 Glucose is a carbohydrate and is an important energy source for cell survival and recognition. 18 Owing to high energy demands and metabolism in malignant cells, the cellular uptake of glucose varies among different cancer cell types. 19 In our previous work, we found that Au nanoprisms coated with glucose can effectively promote cellular uptake in gastric cancer for potential in vivo applications in imaging and therapy. 20, 21 However, we noticed that traditional spherical nanoprobes face drug resistance issues in cancer therapy. Destroying malignant cellular structure has become one of the most effective ways to reduce drug resistance.
In this study, novel flower-like Fe 3 O 4 @Au-HPG-Glc nanoprobes were developed. One of the glucose derivatives, namely, 4-aminophenyl β-D-glucopyranoside (Glc), was used as the targeting molecule. These nanoprobes were designed to destroy malignant cellular structure by mechanically rotating the nanoprobes around the central axis of the core under an AMF. With the guidance of a targeting Glc molecule, the synthesized Fe 3 O 4 @Au-HPG-Glc nanoprobes precisely targeted tumor cells for MRI-guided therapy. Negatively charged gold clusters were loaded onto the surfaces of positively charged Fe 3 O 4 NPs using electrostatic interactions and surface effects. The Fe 3 O 4 @Au NPs were modified with thiolated HPG dendrimers (SH-HPG) through S-Au bonds. HPG dendrimer terminals were coupled with Glc via acetylation. The synthesized flower-like Fe 3 O 4 @Au-HPG-Glc nanoprobes were applied as a T 2 contrast agent to trace the variations in tumors before and after treatment based on prolonged retention time and enhanced cellular uptake in the targeted region ( Figure 1 ). The flower-like Fe 3 O 4 @Au-HPG-Glc nanoprobes were successfully applied in imaging-guided targeting cancer therapy under an AMF. The AMF-dependent therapy strategy can destroy the tumor cellular structure and reduce drug resistance. Gold seed. Red-emitting gold nanoclusters were used as gold seeds and prepared using previously reported procedures. 22 In a typical synthesis, HAuCl 4 (50 μmol) and glutathione (150 μmol) were mixed in a 100-ml round bottom flask with 50 ml of UPW. After reacting for 3 min, 3 ml of tetrabutylammonium bromide solution was poured into the mixture, and the solution was reacted for 5 min. The mixture was kept in an ice bath for 2 h, and 1 M HCl was added dropwise to adjust the pH to 3.0. Subsequently, the reaction solution Synthesis of SH-HPG-COOH dendrimers. NaH (0.01 mol, 60% in mineral oil) was added to a dioxane solution (10 ml) containing bis(2-hydroxyethyl) disulfide (120 μl) and mixed at 95°C for 15 min. Then 4.2 ml of glycidol in 10 ml of dioxane was mixed dropwise under an argon atmosphere and stirred at 95°C for 12 h. 23 After this reaction, the organic phase was removed, and the solid precipitate was dissolved in 10 ml of UPW. The polyglycerol solution was purified for 24 h by dialysis (molecular weight cutoff 3 K) and dried in a FD-2A vacuum freeze dryer (Biocool Experimental Equipment Co., Ltd, Beijing, China). The obtained disulfide-containing hyperbranched polyglycerol (HPG-S-S-HPG) (164 mg) was dissolved in 10 ml of UPW under an argon atmosphere. Then dithiothreitol (400 μl, 0.5 M) was added to the reaction mixture and reacted at 50°C for 24 h. The yellow products were purified for 24 h by dialysis (molecular weight cutoff 3 K) and dried in a vacuum freeze dryer. 
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Cytotoxicity assay
The MGC-803 cells were incubated in 75-cm 2 cell culture flasks at 37°C and 5% CO 2 Simultaneously, fresh medium was added, and the culture dishes were placed directly on the center of a stirring platform for 5 min at 10-min intervals. MGC-803 cells were subjected three times to the mechanical rotation of targeted/nontargeted nanoprobes under an AMF and were monitored by fluorescence microscopy.
Establishment of the xenografted tumor models
Based on routine protocols advocated by the institutional committee for animal care and the National Ministry of Health, the animal experiments were carried out in accordance with the Ethics Committee of Shanghai Jiao Tong University. A transplanted tumor model of gastric cancer was prepared in the right flank skin of female nude mice via subcutaneous injection of 1 × 10 6 MGC-803 cells. After approximately 1 month, the formed solid tumors were harvested and cut into small fragments with edge lengths of approximately 0.2 cm. Then the healthy mice were anesthetized. An incision in the back right flank skin was made, and a small tumor lump was quickly pushed into the incision channel. Subsequently, the incision was sewn closed. After 4 additional weeks, the subcutaneously transplanted tumor models of gastric cancer were established. All surgical steps were completed in a sterile environment.
In vivo MRI For the therapy groups, a large rotating magnet (approximately 400 mT) was placed in the rearing cage after intratumoral injection to provide the AMF. The relevant optical images and tumor volume were recorded every 3 days. At day 12, the mice were killed, and the primary organs (for example, spleen, liver and kidney) of mice in the blank and experimental groups were collected and fixed with 4% paraformaldehyde overnight. Subsequently, these harvested tissues were sliced after paraffin embedding, fixed on a slide and stained using hematoxylin and eosin according to routine methods. Morphological characteristics and pathological changes were observed by microscopy.
Statistical analysis
All data were processed as the mean ± s.d. Statistical significance of the data was determined using the SPSS 18.0 software (IBM Co., Armonk, NY, USA) and based on Student's t-test. Differences of Po0.05 and Po0.01 were considered significant.
RESULTS AND DISCUSSION
Characterization of SH-HPG-COOH dendrimers
The synthesis of the HPG dendrimer is shown in Supplementary  Figure S1 . The structure of the HPG dendrimer was confirmed by the NMR spectra, including the 1 H (Supplementary Figure S2 ) and 13 C (Supplementary Figure S3) spectra. The 1 H NMR spectrum of HPG showed the characteristic proton signals of the -CH 2 S-units of HPG at 2.7 p.p.m. Because hydroxyl groups will be used for anchoring biomolecules, succinic anhydride was used to convert the hydroxyl groups to carboxyl groups in order to promote bonding with the targeted molecules. The carboxyl groups in the HPG dendrimer were observed at 61 p.p.m. in the carbon spectrum (Supplementary Figure S3) . The yellow monothiol-functionalized HPG solution was obtained by the reduction of disulfide bonds using dithiothreitol. Based on the 1 H NMR spectrum of HPG-S-S-HPG, the numberaverage (M n ) molecular weight was approximately 29 900 g mol − 1 (Supplementary Figure S4) . From the FTIR spectrum (Supplementary Figure S5) , a wide absorption band at 3409 cm − 1 can be attributed to the overlapping stretching vibrations of multiple alcoholic hydroxyl groups. 24 The peak at 1248 cm − 1 was due to the C − O − C stretching vibrations on the HPG chain. 25 The characteristic peak at 1591 cm − 1 confirmed the presence of COOH, which was consistent with the antisymmetric stretching vibration of carboxyl groups. 26 These results confirmed the formation of SH-HPG-COOH dendrimers. To enhance the colloidal stability of the obtained flower-like Fe 3 O 4 @Au NPs, the NPs were modified with HPG polymer, which contained a sufficient amount of sulfhydryl groups that facilitated the formation of gold-thiol bonds. The interaction with HPG dendrimers was confirmed by the UV-vis (Figure 3a ) and FTIR spectra (Figure 3b) . Fe 3 O 4 @Au-HPG-Glc was easily dispersed at high concentrations in various aqueous solutions, including PBS buffer solution (pH 7.4), cell media, UPW and deionized water (Supplementary Figure S7b) . To improve cellular uptake, Glc was used as a target molecule and anchored to the surface of the Fe 3 O 4 @Au-HPG NPs. This improved the targeting ability of the NPs due to the overexpression of membrane Glc transporters in gastric cancer cells. 20 Furthermore, modifications with Glc potentially enhance the biocompatibility of NPs and reduce their cytotoxicity in clinical applications. 28 The characteristic absorption peak at 280 nm in Figure 3a is representative of phenyl groups from Glc. Additionally, the peak in the UV-vis absorption curve of Fe 3 O 4 @Au-HPG-Glc also appeared at approximately 280 nm. This peak has a slight blueshift, and the absorption band appeared wider when compared with the peaks arising from pure Glc. These differences were attributed to the formation of an amide bond between the HPG dendrimer and Glc.
Characterization of flower-like
The FTIR spectra of Fe 3 O 4 @Au-HPG NPs were also affected by the presence of Glc. From Figure 3b , four new absorption peaks were observed at 1044, 1074, 1235 and 1511 cm − 1 . The 1511 and 1074 cm − 1 peaks are assigned to the stretching vibrations of C = C bonds in the aromatic ring and C-OH bonds in Glc, 24 respectively. The peak at 1044 cm − 1 is due to the symmetrical stretching vibration of C-O-C bonds. 25 The peaks approximately 1235 cm − 1 are attributed to the stretching vibration of the C-N in secondary amides, which further confirmed successful covalent coupling between the HPG dendrimer and Glc. 29 After the modification by HPG, the Fe 3 O 4 @Au NPs still formed good dispersions due to the formation of gold-thiol bonds between rich hydroxyl/carboxyl functional groups and Au clusters (Supplementary Figure S7a) Figure S8) , which are larger than the sizes determined by TEM. This difference was likely due to the aggregation of NPs in UPW, as reported in previous work. 30 To explore the potential applications of flower-like Fe 3 O 4 @Au-HPG-Glc nanoprobes for MRI, magnetization loop and T 2 MR relaxometry measurements were carried out. The magnetization curves showed the superparamagnetic behavior of Fe 3 O 4 and (Figure 3c ), respectively. The saturation magnetization was measured at 300 K with a field up to 3 T. Figure 3d shows that the r 2 relaxivity was 134.8 mM − 1 s − 1 , indicating that the synthesized flower-like Fe 3 O 4 @Au-HPG-Glc nanoprobes could be used as a T 2 contrast medium in MRI. 31 The cytotoxicity of flower-like Fe 3 O 4 @Au-HPGGlc nanoprobes was measured via the MTT assay (Supplementary Figure S9) . The cell survival rate was nearly unaffected by increasing nanoprobe concentrations. This result indicated that the HPG dendrimer layer on the surface of the Fe 3 O 4 @Au-HPG-Glc nanoprobes could enhance the biological compatibility and colloidal stability of the NPs to facilitate subsequent in vivo imaging and therapy. Figure 4a shows that, within observed black patches inside cell cytoplasm, nanoprobes were detected, which were formed via receptor-mediated endocytosis. Furthermore, the majority of internalized nanoprobes were located in lysosomes, suggesting an endocytotic mechanism (Figures 4b and c) . Interestingly, the cytoplasm-distributed nanoprobes were encapsulated in bilayer membrane vesicles formed by grid proteins. Based on the TEM images, the majority of flower-like Fe 3 O 4 @Au-HPG-Glc nanoprobes were observed in the lysosomes of MGC-803. The Fe 3 O 4 @Au-HPG-Glc nanoprobes first interacted with receptors in cell membranes via a receptor-mediated method, leading to the formation of a pit coated with grid proteins. The vesicles were gradually formed through the invagination of the pit from the membrane. After the capsule depolymerization of the vesicles, the vesicles were integrated with lysosomes. The phagotrophic nanoprobes were hydrolyzed by lysosomal enzymes. Enzymatic hydrolysates remained distributed in the cytoplasm. Under an AMF, all flower-like nanoprobes distributed in these sites were rotated, which resulted in the mechanical destruction of tumor cells via cell membrane damage, organelle damage and cell disintegration. Via these external magnetic field effects, the partial flower-like nanoprobes thoroughly damaged cell nuclei, reducing drug resistance. The special rotating property of the flower-like Fe 3 O 4 @Au-HPG-Glc nanoprobes suggested the feasibility of using these nanoprobes as 'nano-turbine blades' under an AMF. (Figure 6a) , and pinholes appeared in the cell membranes (Figure 6b and 6d) . Some cells disintegrated Figure 6c , and the 'nano-turbine blade' may have destroyed the tumor cells with the assistance of an AMF. This powerful physical therapy will likely reduce the drug resistance commonly encountered in malignant tumor therapy. Interestingly, the residual enzymatic hydrolysate distributed in the cytoplasm can still have a key role in damaging other organelles to provide novel pathways for tumor treatment. Figure 9d shows no evident changes in mice weight in the blank and experimental groups. At day 12, mice were killed, and isolated organs were embedded in paraffin and sectioned. Using hematoxylin and eosin staining, the obtained tissue sections were examined using microscopy. Figure 9c shows that the organ tissues of the experimental group had no evident pathological changes or other anomalies when compared with the blank group. Histopathological examinations after treatment under an AMF further confirmed that the Fe 3 O 4 @Au-HPGGlc nanoprobes were safe and had no evident toxicity and side effects in vivo. Considering the low retention of Fe 3 O 4 @Au-HPG-Glc nanoprobes in the spleen, liver and kidneys after 24 h injection, no distinct long-cycle side effects were observed after 12 days in vivo therapy. 
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